Abstract. An electrical actuated exoskeleton based on a hybrid mechanism is presented for the rehabilitation of elbow, forearm and wrist after fracture or contusion. It is comprised of a parallel 2-URR/RRU mechanism for elbow and wrist and a revolute joint for forearm. Based on screw theory the mobility of 2-URR/RRU is analyzed. The output revolute axes of 2-URR/RRU are perpendicular to each other and the distance between them is adjustable which makes it suitable for different arm length. The inverse kinematics of 2-URR/RRU mechanism are derived for position control. In the aspect of mechanical design, it is actuated by DC steering engines and a three dimensional force sensor is used to regulate the contact forces between patient and robot. Its height and angle are both adjustable by hand to enable the patient have a comfortable posture during the rehabilitation sessions. It can realize rehabilitation exercise for each joint and the ranges of motion meet the rehabilitation demands of daily living.
Introduction
The fracture and contusion of elbow, forearm and wrist, which may be caused just by an unexpected fall [1] , are quite popular surgical injuries among the elderly, and the morbidity keeps growing along with the social aging intensifies. The traditional rehabilitation training generally involves one-on-one interaction with a therapist, and it always takes a long time to help the patient to get full recovery. In the last two decades, many advanced rehabilitation robots which provide repetitive, well-controlled assistance for the patients were developed to relieve the therapist from labor-intensive work. Among those robots, some were designed for rehabilitation of shoulder and elbow, such as the 2 degree-of-freedom (DOF) MIT-MANUS [2] and the 6 DOF MIME [3] ; some were designed for rehabilitation of wrist and forearm, such as the 3 DOF Wrist Robot [4] , the 3 DOF wrist module of the MIT-MANUS [5] and the 4 DOF RiceWrist [6] ; some were designed for rehabilitation of whole arm, such as 7 DOF CADEN-7 [7] and 6 DOF ARMin [8] ; only a few were designed for rehabilitation of elbow, forearm and wrist, such the 5 DOF MAHI [9] .
Normally, the rehabilitation robots are classified into two types from the mechanical design point: end-effector based robots and exoskeleton-type robots. Further, the exoskeleton-type robots which can resemble human anatomy are more suitable for the rehabilitation of specific joints. Among exoskeletal rehabilitation robots, another classification in terms of mechanical design can be made: serial mechanism based robots, parallel mechanism based robots and hybrid robots. The serial mechanism based robots have the advantage of large workspace, but the big inertia of the moving part also enlarges the power of the actuator, such as the CADEN-7, ARMin and the Wrist Robot. On the contrary, the parallel mechanism based robots whose actuators could be assembling on the fixed platform have the advantages of decreased inertia, high structure stiffness and torque/force output. The hybrid robots, such as the MAHI and RiceWrist, can have the advantages of both serial and parallel mechanism.
In this paper, an electrical actuated exoskeleton called EFW (elbow-forearm-wrist) is designed for rehabilitation of elbow, forearm and wrist. EFW is based on a hybrid mechanism which is comprised of a parallel 2-URR/RRU mechanism and a serial R mechanism, where U, R represent universal joint and revolute joint respectively. The serial mechanism is for forearm rotation and the parallel mechanism is for the rotation of elbow and wrist.
The Hybrid Mechanism
The basic kinematic structure of EFW is shown in Fig. 1 , and the serial mechanism is fixed on the moving platform of the parallel mechanism. In the 2-URR/RRU mechanism which is comprised of a base, a moving platform and three limbs, the 1st and 2nd limb have the same structure, and the 3rd limb has an inverse arrangement of the joints compared to the former two limbs. There are two revolute axes in an universal joint, for the convenience of description, the one which connected to the base or the moving platform is called the fixed axis and the other one is called the moving axis in this paper. The fixed axes of U1 and U2 are coaxial and parallel to the axes of R5 and R6, and the moving axes parallel to the axes of R1, R2, R3 and R4. The fixed and moving axes of U3 parallel to the axes of R1 and R5 respectively. 
Mobility Analysis of 2-URR/RRU
In the 2-URR/RRU mechanism, each limb is a 4 DOF kinematic chain and the screw system of the 1st and 2nd limbs are
where   31  32  33  31  32  33  34  33 , , , . (2) and (4), it is clear that each limb exerts a constraint force and a constraint couple on the moving platform. For the directions of the three constraint couples are the same, there is one common constraint 1   and the order of 2-URR/RRU mechanism is five, 
where M is the mobility of a mechanism, n is the number of links including frame, g is the number of kinematic pairs, i f is the freedom of the ith kinematic pair.
The reciprocal screws of Eq. (2) and (4) are
, which are the motion screws, the first one indicates a translational freedom along direction v , and the last two indicate two rotational freedoms about the axes parallel to x and u axes, respectively. For the action points of the constraint forces are at the center of the universal joint, the moving platform can consequentially rotate about the fixed axes of U1 and U3. For the convenience of description, the three axes of motion are called Ax1, Ax2 and Ax3. The rotational motions about Ax1 and Ax2 would be used for the rehabilitation of elbow and wrist, and the translational motion along Ax3 would be used to adjust the distance butween Ax1 and Ax2 to fit the forearm length.
Kinematics Analysis of 2-URR/RRU
As shown in Fig.1 , Frame {O} is attached to the base platform with Z axis pointing vertically upwards and X axis coincidental with Ax1. Frame {o} is attached to the moving platform with the z axis being normal to the platform and y axis coincidental with Ax2. As the moving platform has three degrees-of-freedom, its position and orientation could be defined as ,
where   ,   R is the rotation matrix from frame {o} to frame {O} and P is the position vecter of origin o . P is not independent and could be represented as
The coordinates of the joints connected to the base platform with respect to frame { O } are (6) and Eq. (7) into Eq. (8)     , respectively, and the inputs is shown in Fig.2 . It is known that the kinematics of 2-URR/RRU is partly decoupled, only the 3rd limb is actuated during elbow flexion /extension and only the 1st and 2nd limbs are actuated during wrist flexion /extension or abduction/adduction. 
Mechanical Design of the Exoskeleton
One of the most important points to take into account during the mechanical design of a rehabilitation robot is to ensure that the system does not cause any discomfort or injuries for the patient during the movement. As shown in Fig.3 , the hybrid exoskeleton is designed as an open structure and it is movable, therefore the patient can easily detach his arm from the robot just by loosing his hand when danger happens. Its height and angle are both adjustable by hand to enable the patient have a comfortable posture during the rehabilitation sessions. In order to reduce the weight of the robot, most of the component are made of aluminium alloy. Considering the limited space for actuator, the paralllel mechanism of the exoskeleton is actuated by three high torque DC steering engines. The output torque of the steering engines in the 1st and 2nd limbs are 5 Nm and the 3rd one is 10 Nm. The steering engines have two output shafts, which makes the mechanical structure relatively simple. The steering engine in the 3rd limb is set under the base platform, and this design keeps enough distance between the user arm and the robot, also it offers a big workspace for the elbow flexion/extension. The moving patform of the paralllel mechanism is designed as a hollow cylinder, in which is the rotationl joint for forarm. It is actuated by a steering engine through wheel gear, the output torque is 1.7 Nm and the ratio is 5:3 i  . The angle between the handle and the geared shaft is adjustable to fit different rehabilitation posture.
Normally, the control of a rehabilitation robot is based on the physical interaction between the patient and the robot, which means not only the motion of the robot but also the contact forces between patient and robot must be regulated. A compact three dimensional force sensor is set between the handle and the geared shaft to detect the contact forces directly. Multiplied by the distance between the axes of rotation and the sensor, the rehabilitation torques applied on the human joints can easily caculated. Based on the torques, the exoskeleton can realize three modes of rehabilitation therapy such as passive mode, active-assisted mode and constrained mode.
Result and Discussion
EFW is an exoskeleton-type robot mainly designed to help patient to keep the normal joint range of motion by repeated exercise. Patient just needs to grab the handle and make his elbow matching the fixed rotational axis. As shown in Fig.4 , it can apply controlled motion to each joint independently based on the kinematics result. The ranges of motion (ROM) of elbow, forearm and wrist for activities of daily living (ADL) and that of EFW are listed in table 1 for comparison. The ROM of EFW is exceeding or slightly under the ROM for ADL, and EFW can cover most of the demands of rehabilitation. In addition, for the joints with a ROM beyond human ROM, both hardware and software stops are implemented for safety. 
Conclusion
EFW, a compact rehabilitation exoskeleton based on a 4 DOF hybrid mechanism is presented. It is comprised of a 3 DOF parallel 2-URR/RRU mechanism for the rotation of elbow and wrist and a revolute joint for forarm rotation. Combining the rotational motion at the moving platform, both the flexion/extension and abduction/adduction of the wrist can be realized. Because of the translational motion, the exoskeleton can easily adapt different arm length. The inverse kinematics of 2-URR/RRU mechanism are derived for position control and they are partly decoupled. In the aspect of mechanical design, EFW is actuated by DC steering engines and a three dimensional force sensor is used to regulate the contact forces between patient and robot. So far, EFW can realize the function of position control based on the kinematics, future work will involve the development of enhanced control modes based on the contact forces.
